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Nitric oxide (NO) is known to induce denitriﬁcation in model organisms, but the quantitative effect of NO
and its concentration dependency has not been assessed for denitriﬁcation in soils. NO is chemically
unstable in the presence of oxygen due to autoxidation, and the oxidation of NO is accelerated by
acetylene (C2H2) which is commonly used as an inhibitor of N2O reductase in denitriﬁcation studies. As
a ﬁrst step to experimentally explore the role of NO in soil denitriﬁcation, we investigated NO oxidation
kinetics for a closed “two phase” system (i.e. liquid phase þ headspace) typically used for denitriﬁcation
experiments with soil slurries, both with and without acetylene present. Models were developed to
adequately predict autoxidation and acetylene-accelerated oxidation. The minimum oxygen concentra-
tion in the headspace ([O2]min, mL L1) for acetylene-accelerated NO oxidation was found to increase
linearly with the NO concentration ([NO], mL L1); [O2]min ¼ 0.192 þ [NO] * 0.1 (r2 ¼ 0.978). The models
for NO oxidation were then used to assess NO oxidation rates in denitriﬁcation experiments with batches
of bacterial cells extracted from soil. The batches were exposed to low initial oxygen concentrations in
gas tight serum ﬂasks (with and without C2H2), and monitored for O2, NO, N2O and N2 production while
depleting the oxygen and switching to anoxic respiration. Acetylene effectively scavenged NO from the
cultures until oxygen concentration reached below w0.19 mL L1, and the estimated rate of acetylene-
accelerated NO oxidation was more than sufﬁcient to explain an observed reduction of the N2O
production induced by acetylene. When [O2] reached below 0.19 mL L1, the NO concentrations increased
and stabilized at the same level as in the treatments without acetylene, but the rate of denitriﬁcation was
much lower than without acetylene. The results indicate that the early accumulation of 10e20 nM NO
during oxygen depletion has a signiﬁcant effect on the expression of denitriﬁcation in soil communities.
This warrants a greater interest in NO as a regulator of denitriﬁcation in soils and shows that the
acetylene inhibition method may be problematic even for intentionally anoxic incubations, unless
precautions are taken to secure initial O2 concentrations below 0.19 mL O2 L1.
 2012 Elsevier Ltd.Open access under CC BY-NC-ND license.1. Introduction
Denitriﬁcation is the dissimilatory reduction of nitrate (NO3) to
dinitrogen (N2) via nitrite (NO2), nitric oxide (NO) and nitrous
oxide (N2O), catalyzed by the enzymes nitrate reductase (NAR/
NAP), nitrite reductase (NIR), nitric oxide reductase (NOR) and
nitrous oxide reductase (N2OR), respectively (Zumft, 1997). This
allows microbes to sustain respiratory metabolism under anoxic
conditions. In permanently anoxic environments, NOx is largely
absent, thus the typical niche for denitriﬁcation is an environment
with ﬂuctuating oxygen concentrations such as soils and borders).
-NC-ND license.between anoxic and oxic zones of bioﬁlms and sediments. In such
environments, the organisms need adequate regulation of deni-
triﬁcation in response to oxygen availability to tackle both oxic and
anoxic spells. Denitriﬁcation is energetically unfavorable compared
to oxic respiration (Strohm et al., 2007), thus shutdown of deni-
triﬁcation in response to oxic conditions is considered essential
(Richardson, 2000; Van Spanning et al., 2007). If confronted with
oxygen depletion, expression of denitriﬁcationmust be fast enough
to avoid entrapment in anoxia with no denitriﬁcation enzymes
expressed (Hojberg et al., 1997; Bergaust et al., 2010). The expres-
sion of denitriﬁcation enzymes in model organisms such as Para-
coccus denitriﬁcans is regulated by a complex network involving
one or several positive feedback loops via the intermediate
nitrogen oxides NO and NO2 (Van Spanning et al., 2007; Bergaust
et al., 2012). This implies that the presence of these intermediates
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response to oxygen depletion. To our knowledge, the quantitative
importance of NO as an inducer of denitriﬁcation in soil microbial
communities has not been assessed experimentally.
The regulation of denitriﬁcation has environmental implica-
tions, since it affects the proportions of N2, N2O and NO emitted to
the atmosphere (Bakken et al., 2012). NO affects the tropospheric
chemistry and N2O contributes signiﬁcantly to stratospheric ozone
destruction (Ravishankara et al., 2009) and radiative climate
forcing. The emission of N2O from soils has been studied intensively
for decades, but very few have quantiﬁed N2 production. Thus, few
studies have quantiﬁed the N2O/N2 ratio in N-gas emitted from
soils, which is most unfortunate since this ratio is critical for eval-
uating the ultimate global footprint (as atmospheric N2O) of
anthropogenic N (Schlesinger, 2009).
There exists no perfect method for quantifying denitriﬁcation
and hence its N2O/N2 product ratio in ﬁeld experiments or labo-
ratory incubations of soil. The acetylene (C2H2) inhibition method
which was invented nearly 40 years ago (Yoshinari and Knowles,
1976) is still the most commonly used method to quantify deni-
triﬁcation (Tiedje et al., 1989; Groffman et al., 2006). The method is
based on the principle that C2H2 blocks the reduction of N2O to N2,
so that N2O can be measured instead of N2 as denitriﬁcation end
product. Several problems associated with this technique have
been identiﬁed (Knowles, 1990) which cause biased estimates of
denitriﬁcation rates. In 1997, several studies revealed that C2H2
catalyzes an extremely rapid oxidation of NO in the presence of
oxygen (Bollmann and Conrad, 1997a,b; Dunﬁeld and Knowles,
1997; McKenney et al., 1997). This raised serious concern about
the validity of the C2H2 inhibition technique, since the scavenging
of NO might result in an underestimation of denitriﬁcation. The
concern was largely based on the risk that a signiﬁcant fraction of
the N-ﬂow through denitriﬁcation could be channeled through the
C2H2-catalyzed oxidation of NO (to NO2 and later to NO2 and NO3
by reactions inwater), hence reducing the N2O accumulation. Given
a possible role of NO in regulation of denitriﬁcation, however,
scavenging by acetylene may also interfere with the regulation of
denitriﬁcation by delaying denitriﬁcation gene transcription in
response to oxygen depletion.
We therefore investigated how C2H2 interferes with denitriﬁ-
cation in more detail by incubating soil bacteria (extracted by
density-gradient centrifugation) as stirred batches, in a robotized
incubation system to monitor O2, NO, N2O and N2 in the headspace
(Molstad et al., 2007), while the cultures depleted the oxygen and
switched from oxic to anoxic respiration. The reason for using
extracted cells, rather than intact soil is that this circumvents the
problems with concentration gradients within the soil matrix. Prior
to the experiments with extracted cells, we did a series of experi-
ments in sterile ﬂasks to determine the kinetics of NO oxidation,
both with and without acetylene, under the same experimental
conditions as used for the soil bacteria. Experiments without acet-
ylene were conducted to determine the rates of this autoxidation of
NO, i.e. the reaction between oxygen and NO, which occurs both in
the gas phase (Tsukahara et al., 1999) and the liquid phase (Wink
et al., 1993). The measured NO oxidation rates were used to
construct two models (one for experiments without and one for
experiments with acetylene) to simulate NO oxidation as a function
of O2 and NO concentrations. These models allowed an assessment
of the rates of NO oxidation in the experiments with extracted soil
bacteria (based on measured NO and O2 concentrations).
We hypothesized that the acetylene-induced NO scavenging
prior to oxygen depletion could have both a direct effect on deni-
triﬁcation (by reducing the NO availability for the enzyme reducing
NO to N2O) and an indirect one, by interfering with the expression
of the various steps in denitriﬁcation. The results lend support tothis hypothesis; acetylene-scavenging of the early accumulation of
NO resulted in slower onset of denitriﬁcation and higher transient
accumulation of NO.We also speculated that autoxidation of NO (in
the absence of acetylene) could be a signiﬁcant sink for NO during
the early phase of denitriﬁcation. We found little evidence for this
in our experiments, however.
2. Materials and methods
The transition from oxic to anoxic respiration, as affected by
acetylene, was studied in batch experiments with bacteria extrac-
ted from soils by density-gradient centrifugation, using a medium
with glutamate as a carbon source and low initial oxygen concen-
trations. The kinetics of chemical NO oxidation with and without
acetylene were studied in detail, using the same incubation system
(Molstad et al., 2007).
2.1. Experiment with extracted cells from soil
Cells were extracted from three Terric Histosols used for agri-
culture in i) Southern Germany (a drained fen site at the ‘Donau-
moos’, 48400N 11040E), ii) Finland (experimental site at the
Siikasalmi Research Station in East Finland; 62550N 29300E), and
iii) Sweden (a farmland near Falköping, 58200N 13300E) and used
in kinetic experiments exploring community speciﬁc pH responses
in bufferedmedia (Dörsch et al., 2012). In the following, wewill use
the codes SWE, FIN and GER to specify the bacteria extracted from
the three soils. In these experiments, we also included treatments
with acetylene, but these data were not included in the published
analysis of N2O/N2 product ratios because acetylene caused
a signiﬁcant delay in the expression of denitriﬁcation. In the
present paper, we present kinetic data from experiments without
acetylene (Dörsch et al., 2012) together with the data from the
acetylene treatments. Details for the experiments with extracted
cells are given in Dörsch et al. (2012). In brief, cells were extracted
by density-gradient centrifugation according to Lindahl and Bakken
(1995). The cells ﬂoating on top of the Nycodenz cushion were
siphoned off with a sterile capillary, diluted 1:15 with ﬁlter-
sterilized DI water and centrifuged for 1 h at 10,000 g (4 C) to
remove remnant Nycodenz. The supernatants were discarded, and
the pellets were re-dispersed in 30 mL ﬁlter-sterilized water, (cell
density w 109 cells mL1, as counted by acridine orange direct
microscopic counts) and stirred aerobically for 0.5 h prior to inoc-
ulation of the denitriﬁcation assay ﬂasks.
The medium for the denitriﬁcation assay was a mineral medium
containing (L1): 200 mg KH2PO4, 20 mg CaCl2, 40 mg MgSO4,
3.8 mg FeeNaEDTA, 0.056 mg LiCl, 0.111 CuSO4, 0.111 mg ZnSO4,
1.222 mg H3BO3, 0.111 mg Al2(SO4)3, 0.056 mg SnCl2, 0.778 mg
MnCl2, 0.111 mg NiSO4, 0.111 mg Co(NO3)2, 0.111 mg TiO2, 0.056 mg
KI, 0.056mgKBr and 0.1mgNaMoO4) supplementedwith KNO3 and
Na-glutamate (2mM each¼ 100 mmol glutamate and 100 mmol NO3
ﬂask1) and buffered with 25 mM HEPES (N-2-hydroxyethylpiper-
azine-N0-2-ethanesulfonic acid). The pH was adjusted to pH ¼ 5.4
and 7.1. The serum ﬂasks (120mL) for the denitriﬁcation assay were
ﬁlled with 50 mL medium and a Teﬂon covered magnetic bar, cap-
ped with butyl rubber septa and made near-anoxic by evacuation
and He-ﬁlling. Six ﬂasks were prepared for each community; prior
to inoculation 3 of these ﬂasks were supplemented with carbide-
generated acetylene (100 mL L1). The ﬂasks were inoculated with
2 mL bacterial suspension (containingw2 * 109 cells).
2.2. Incubation robot
The system for monitoring the oxygen and NOx concentrations
during denitriﬁcation assays has been described in detail by
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cultures (þ6 positions for calibration ﬂasks) in a thermostatic water
bath. At (2e3 h) intervals, the system takes samples from
the headspace through the septum, using a peristaltic pump
connected to Varian CP 4700 micro-GC (gas chromatograph)
whichmeasures O2, N2, CO2 and N2O. A fraction of the gas sample is
automatically injected into a chemiluminescence NOx analyzer
(model 200A; Advanced Pollution Instrumentation), programmed
to analyze NO (not NO2). After withdrawal of a gas sample, the
pump is automatically reversed, pumping back an equal amount of
helium (He) into the ﬂasks tomaintain pressure. The dilution by the
sampling and leakage of O2 and N2 is estimated based on the
measurements in non-inoculated ﬂasks and ﬂasks with standard
gases. Such information is essential for correct estimation of
production/consumption rates and recovery of NO3e and NO2eN
as N2O or N2 (see Molstad et al., 2007 for details). Fig. S1
(Supplementary data) shows an outline of the incubation robot.
The measured amounts of N2O and N2 are reported as mmol
ﬂask1, which is the total amount in liquid and gas phase. For NO,
however, we report the concentrations, either in the headspace
(mL L1) or in the liquid (nM) as estimated from the measured
concentration in the headspace (assuming chemical equilibrium).
For O2, the measured concentrations are reported as mL L1 in the
headspace. The motivation for reporting NO as nM in the liquid is
that this is the most relevant unit to evaluate NO as a signal
molecule. The motivation for reporting O2 as mL L1 in the head-
space is that this is the most adequate unit to characterize the O2-
threshold for acetylene-accelerated NO oxidation.
2.3. Chemical oxidation of NO, experimental approach
The rates of NO oxidation as a function of NO and O2 concen-
trations (with and without acetylene) were studied in the same
system as for the denitriﬁcation assay, i.e. 120mL serum ﬂasks ﬁlled
with various gas mixtures at ﬁnal pressure¼ 1 bar, with or without
50 mL distilled water (stirred by magnetic stirrers). The serum
ﬂasks were kept at 20 C and monitored for NO, N2O and O2
concentrations in the headspace by repeated sampling (see
description of incubation robot, above).
A series of experiments with acetylene was conducted to
determine critical parameters for describing the catalytic effect of
acetylene on the oxidation of NO. Aceteylene is known to catalyze
a very fast oxidation of NO to NO2 in the gas phase, leading to
chemical equilibrium between NO and NO2 within seconds
(Bollmann and Conrad, 1997b; McKenney et al., 1997). This catalytic
effect of acetylene occurs only if oxygen concentration exceeds
a speciﬁc threshold, but appears unaffected by oxygen concentra-
tions above this threshold (McKenney et al., 1997). Since this
feature of the acetylene-accelerated NO oxidation is crucial in our
experiment, we conducted a series of chemical experiments at
different concentrations of NO and O2, all with 100 mL L1 acety-
lene. The acetylene was made from Calcium carbide (Sigma
Aldrich) placed in evacuated ﬂasks with added distilled water,
resulting in over-pressure (w1.5 bar) of C2H2. The ﬂasks were
allowed to reach room temperature before transferring C2H2 to the
test ﬂasks. Due to the water present, the C2H2 was saturated with
water (partial pressure w23 kPa), thus the partial pressure of H2O
in experiments with dry ﬂasks was around 2.3 kPa after injection of
acetylene (to reach 100 mL L1).
Single ﬂask experiments were run to allow high frequency of
sampling (every 4e5min) to capture the fast decline in NO. In a ﬁrst
set of experiments, dry ﬂasks with anoxic atmosphere (He)
containing 100 mL L1 acetylene and traces of NO (injected to
reach concentrations around 20 mL L1) were monitored for O2
and NO concentrations while the oxygen concentrations wereincreased gradually by injections. The oxygen threshold, depending
on the NO concentrations was identiﬁed as a sudden drop in NO
concentration. The results also allowed an approximation of the
NO2/NO concentration ratio at chemical equilibrium.
In a second set of experiments, we monitored the NO concen-
tration in ﬂasks with 50 mL stirred water (as in the denitriﬁcation
assays) and with initial concentrations of O2 ranging from 10 to
210 mL L1 (always with 100 mL acetylene L1).2.4. Modeling the NO oxidation
Autoxidation of NO (i.e. without acetylene) has been studied
previously, both in gas phase (Tsukahara et al., 1999) and in water
(Ford et al., 1993; Wink et al., 1993). In both phases it is found to
follow “third-order” kinetics, i.e. V ¼ k * [O2] * [NO]2, where k is
a rate constant (M2 s1), [O2] is the oxygen concentration and [NO]
is the concentration of NO (both in mol L1). A peculiarity with this
process is that the rate decreases with increasing temperature
(Tsukahara et al., 1999; Wink et al., 1993). In our experiments, the
oxidation occurs both in the gas phase and the liquid phase,
depending on transport rates between the headspace and the
liquid. We constructed a simple model to simulate these processes.
The model is illustrated in Fig. 1, and is based on the following
equations:
Gas phase oxidation (2NO þ O2 / 2 NO2) was modeled as
a third order reaction (Tsukahara et al., 1999):
d½NOg=dt ¼ kg*½NO2g*½O2g (1)
where [NO]g and [O2]g are the concentrations in the gas phase
(mol L1) and kg (M2 s1) is the rate constant. Experimentally
determined values for kg at near-ambient temperature, as reported
by Tsukahara et al. (1999), range from 9 * 103 to 22 * 103 M2 s1
(experiments at very high temperatures excluded).
The transport of NO (and NO2) from headspace to the liquid was
modeled as described by Molstad et al. (2007):
V ¼ kt*

kHPNO ½NOaq

(2)
where V is the transport rate (mol s1), kt is the empirically
determined transport coefﬁcient for the system as operated
(¼3.8 * 104 L s1), kH is the solubility of NO at the actual
temperature (¼2.12 * 103 mol L1 bar 1, 20 C), PNO is the partial
pressure of NO (bar) and [NO]aq is the concentration of NO in the
liquid (mol L1). The transport coefﬁcient (kt) was determined for
O2, which should be practically identical for NO (Zacharia and Deen,
2005). The same Eq. (2) was used for calculating the transport of
NO2 from headspace to liquid, using the same transport coefﬁcient
(kt) as for NO but with kH ¼ 5.5 * 102 mol L1 bar 1 for NO2 (Cape
et al., 1993).
NO oxidation in liquid (4NO þ O2 þ 2H2O/ 4NO2 þ 4Hþ) was
modeled as a third order reaction (Wink et al., 1993):
d½NOaq=dt ¼ kaq*½NO2aq*½O2aq (3)
where [NO]aq and [O2]aq are the concentrations in the water
(mol L1) and kaq is the rate constant (kaq ¼ 6 * 106 M2 s1 at room
temperature, Wink et al., 1993).
NO2 reactionwith water (2NO2 (N2O4)þ H2O/ HNO2þ HNO3)
was modeled as a second order reaction (Schwartz and Lee, 1995):
d½NO2aq=dt ¼ kNO2aq*½NO22aq (4)
ab
Fig. 2. Measured and modeled NO in the headspace of ﬂasks with 50 mL distilled
water (stirred) and He atmosphere with different initial concentration of O2 (mL L1)
and NO (mL L1) as indicated in the graph. Panel a: high initial concentrations of NO,
panel b: low initial concentrations of NO. The modeled concentration (line) is simu-
lated by Eqs. (1)e(4); the model also calculates the 3.4% loss (dilution) of headspace
gases, which is seen as a sudden drop in simulated NO concentration at each time of
sampling.
Fig. 1. Illustration of the experimental system and equations used to model NO
oxidation kinetics. The reaction vessels (120 mL) contain 50 mL stirred distilled water
and He atmosphere with variable concentrations of O2 and NO. The modeled reactions
and transport (Eqs. (1)e(4)) are illustrated, as well as the dilution by sampling (after
each sampling, an equivalent volume of He is injected, hence “Dilution by sampling”;
see Molstad et al. (2007) for details).
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kNO2aq is the rate constant (kNO2aq ¼ 12 * 106 M1s1) (Cape et al.,
1993).
In addition to these reactions (Eqs. (1)e(4)), our model calcu-
lates the losses of gases (O2, NO and NO2) from the headspace by
each gas sampling (see Molstad et al., 2007 for details) so as to
simulate the concentrations in headspace as measured. The time-
step of the modeling was 3e6 s.
We tested the ability of the model to simulate observed decline
in NO (in headspace) for treatments without acetylene for a range
of initial concentrations of NO and O2. It was used to assess the
relative rates of NO autoxidation occurring in the headspace and in
the liquid, as well as the importance of autoxidation rates in the
experiments with denitrifying bacteria.
In the presence of acetylene, the model is inadequate because
acetylene catalyzes a very fast oxidation of NO to NO2 in the gas
phase, leading to chemical equilibrium between NO and NO2
within seconds (Bollmann and Conrad, 1997b; McKenney et al.,
1997), and this process is conspicuously independent of oxygen
concentrations as long as it exceeds the threshold (Fig. S4). Further
on, the reaction proposed by McKenney et al. (1997) suggests thatthe reaction rate should be ﬁrst order with respect to NO
concentrations (the ﬁrst step is hypothesized to be a reaction
between a single NO-molecule and C2H2). Thus, we replaced Eq.
(1) with Eq. (5):
d½NOg=dt ¼ kgC2H2*½NOg*

1

½NO2g=½NOg
.
R
n
(5)
where [NO]g and [NO2]g are the concentrations of the two gases
(mol L1) in the headspace, R is the assumed equilibrium ratio
between NO2 and NO, and the power-function (1  ([NO2]g/[NO]g)/
R)n secures that the reaction rate slows down as the ratio between
[NO2]g and [NO]g in the headspace approaches R.3. Results
3.1. Autoxidation of NO
The observed NO autoxidation rates in ﬂasks without acetylene
were adequately simulated by the model for a range of initial
concentrations of O2 and NO, provided that the reaction rate
constant for oxidation in the gas phase (kg, Eq. (1)) was set to
22 * 103 M2 s1 (Eq. (1)), which is equal to the maximum value for
kg reported by Tsukahara et al. (1999). This is illustrated in Fig. 2,
which shows measured and simulated NO concentrations for
a range of initial concentrations of O2 and NO in the headspace in
ﬂasks with 50 mL stirred water and 70 mL headspace,. The close ﬁt
between model and measurements was dependent on adequate
simulation of the decline in O2 concentration (evaluated against
measured O2 for each ﬂask, results not shown). The simulated
oxidation in these experiments (i.e. when NO was added to the
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S. Nadeem et al. / Soil Biology & Biochemistry 57 (2013) 606e614610headspace) showed that the major part of the oxidation takes place
in the headspace (data not shown); the cumulated fraction of NO
oxidized in the liquid accounted for less than 2% of the total
oxidation taking place.
This result is valid for NO injected to the headspace, but not
necessarily for a pulse of NO produced by bacteria in the liquid. This
prompted us to assess autoxidation rates in liquid versus headspace
for NO produced in the liquid. A series of model runs was con-
ducted, reported in detail in Supplementary data (Figs. S2 and S3).
Brieﬂy, the exercise shows that a signiﬁcant fraction of a pulse of
NO produced in liquid will be oxidized in the liquid during the ﬁrst
2e3 min, i.e. prior to establishment of equilibrium (for NO)
between headspace and liquid (see Supplementary data for more
extensive calculations). The phenomenon was found to be signiﬁ-
cant for fully aerobic conditions and for NO pulses reaching micro-
molar concentrations in the liquid. Once the NO concentration in
liquid is in near equilibriumwith the headspace, the model predicts
much faster oxidation rate in the headspace than in the liquid. For
such near equilibrium conditions the model predicts an NO-decay
rate (expressed as % min1) as a linear function of NO and O2
concentration in the headspace (Eq. (6)):
VNOox ¼ 2:2*107  ðNOÞppmvg*ðO2Þppmvg (6)
where VNO-ox is the rate of NO depletion (% min1), (NO)ppmvg and
(O2)ppmvg are the concentrations in the gas phase (mL L1, ppmv).
The factor (2.2 * 107) is valid for an experiment with 50 mL liquid
and 70 mL headsapce at 1 bar pressure. The value will only be
marginally altered by reducing the liquid volume.NO (µL L
-1
)
0 5 10 15 20 25 30
0
Fig. 3. Determination of the O2 concentration threshold (mL O2 L1) for acetylene-
catalyzed oxidation of NO to NO2 in the gas phase (ﬂasks without water). The top
panel (a) illustrates the effect of stepwise increase in O2 concentration (A) on the
concentration of NO (,) (single ﬂask result). A series of such experiments was run
with different initial NO concentrations. The bottom panel (b) shows the estimated O2-
threshold concentrations (A) plotted against NO concentrations, together with the
regression function (y ¼ 0.192 þ 0.1 * x; r2 ¼ 0.978). For comparison, the three O2
threshold concentrations determined by McKenney et al. (1997) are included (:).3.2. Acetylene-accelerated NO oxidation
In dry ﬂasks with acetylene (100mL L1), stepwise increasing O2
concentrations induced a sudden oxidation of a fraction of the NO
as the concentration of O2 exceeded a critical level as illustrated in
Fig. 3 (panel a). The observed NO decrease through the ﬁrst injec-
tions of O2 is primarily due to sampling loss (which is w2% per
sampling for ﬂasks without water), whereas the rapid decline as
oxygen is increased from 2.5 to 3.5 mL L1 identiﬁes the approxi-
mate oxygen threshold above which NO oxidation is catalyzed by
acetylene (identical experiments without acetylene showed no
such response to increasing O2 concentrations). Several experi-
ments were run at different initial NO concentrations to estimate
the O2 threshold as a function of NO concentration. The threshold
was clearly increasing with increasing NO concentrations, as shown
in Fig. 3 (panel b), which also includes the few threshold-values
determined by McKenney et al. (1997). The results of these exper-
iments were also used to assess the fraction of NO which is almost
instantaneously oxidized to NO2 by the passage through the oxygen
threshold. This was found to be w0.45 (¼([NO]1e[NO]2)/[NO]1),
where [NO]1 is the measured NO concentration immediately
prior to the rapid oxidation in response to oxygen injection and
[NO]2 is the measured concentration immediately after. This frac-
tion was apparently independent of the NO concentration (insig-
niﬁcant correlation between initial NO concentration and the
fraction oxidized). Based on the observed fraction oxidized
instantaneously (0.45), the estimated ratio between NO2 and NO at
chemical equilibrium between the two gases is 0.82 (i.e. [NO2]g/
[NO]g¼ 0.45/0.55¼ 0.82). This would be the estimate of R in Eq. (5).
In ﬂasks with 50 mL water and 100 mL L1 acetylene (in the
headspace), NO continued to decline in headspace beyond the
sudden depletion (if O2 exceeded the threshold), and this subse-
quent NO depletion was much faster than that predicted by the
model for NO autoxidation. The phenomenon is illustrated in Fig. 4,showing the measured NO concentrations after injection of NO to
a ﬂask with 50 mL stirred distilled water, initial oxygen concentra-
tion in headspace (¼13 mL L1) and acetylene concentration
(¼100 mL L1). Two simulations are shown, one representing the
autoxidation model (Eq. (1)) and one the acetylene-accelerated NO
oxidation in headspace (Eq. (5)). The model for acetylene-
accelerated NO oxidation adequately simulated the observed
decline, whereas the autoxidation model did not. The model for
acetylene-accelerated NO oxidation was insensitive to the rate
constants in Eqs. (2) and (4), and marginally sensitive to the trans-
port coefﬁcient kt in Eq. (2) and to R (i.e. the [NO2]/[NO] equilibrium
ratio) in Eq. (5) (Fig. S5). An equilibrium ratio of R ¼ 0.82 gave
adequate simulations, which is identical to the value estimated by
the observations of apparent equilibrium values in dry ﬂasks
([NO2]g/[NO]gw0.45; R ¼ 45/55 ¼ 0.82). The model gave adequate
simulations of the rates if kgC2H2 (Eq. (5)) was 0.2 s1. The simu-
lated decay rate declined if lower kgC2H2 values than 0.2 s1 were
used, but was practically insensitive to higher values (see Fig. S6).
Simulations were essentially unaffected by the power (n) in Eq. (5)
for the range 0.4e0.9, but higher values resulted in too low decay
rates (increasing within the range 2e5, results not shown). The
reaction rate constants used for simulation of NO autoxidation and
oxidation in the presence of acetylene are summarized in Table 1.
Fig. 4. Measured and simulated NO concentration in a ﬂask with 50 mL stirred
distilled water and acetylene in headspace. Initial oxygen concentration in
headspace ¼ 13 mL L1, acetylene concentration ¼ 100 mL L1 and NO injected at time
zero to reach an initial NO concentration in the gas phase ([NO]g) around 130 mL L1.
The model for NO autoxidation (Eq. (1) used in model) grossly underestimates the
decline of NO, but the model for acetylene-accelerated NO oxidation (Eq. (5) replacing
Eq. (1) in model) provides adequate simulation.
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shown) and NO2 (1e2%; data not shown) measured in the water
after 5 days (to secure complete oxidation of the 115 nmole NO
added).
3.3. Effect of acetylene on denitriﬁcation kinetics
Fig. 5 shows the gas kinetics for incubation in a mediumwith pH
5.4. The incubations were run at very low O2 concentration at the
time of inoculation (0.4e0.6 mL L1 in the headspace, equivalent to
0.56 mM in the liquid). This concentration is below the critical
concentration for expression of denitriﬁcation in model organisms
such as P. denitriﬁcans (Bergaust et al., 2011) and Agrobacterium
tumefaciens (Bergaust et al., 2008). During this ﬁrst “micro-oxic”
phase of the experiment (0e40 h), NO accumulated at fairly
constant rates in the treatments without acetylene, but in the ﬂasks
with acetylene NO was constantly low (<0.7 nM in the liquid,
equivalent to 1 nmol ﬂask1; average concentrations for each
treatment are given in Table S1). For the same period (0e40 h), the
bacteria produced detectable amounts of N2O (shown in inserted
panels), and the average rates of N2O production (0e40 h) were 3e
6 times higher in ﬂasks without acetylene compared to those in the
presence of acetylene: for bacteria from the Swedish soil (SWE) the
rates were 0.3 versus 0.1 nmol N2O h1 in the treatments withoutTable 1
Parameters used for simulation of NO auto-oxidation (in the absence of acetylene)
and acetylene-catalyzed oxidation of NO.
Equation Parameter Value Unit
1 kg 22 * 103 M2 s1
2 kt 3.8 * 104 L s1
3 kaq 6 * 106 M2s1
4 kNO2aq 12 * 106 M1s1
5 kgC2H2 0.2a s1
5 R 0.82 e
5 n 0.7 e
a The ﬁrst order reaction rate (0.2 s1) for acetylene-accelerated oxidation of NO is
a minimum value. Any value 0.2 s1 give adequate simulations.and with acetylene, respectively. The numbers for FIN and GER,
were 1.5 versus 0.25 nmol N2O h1 (without and with acetylene,
respectively). The production of N2 during the ﬁrst 40 h was below
the detection limit of the incubation system, which is currently
150 nmol N2/ﬂask for a single time increment (i.e. the time incre-
ment between two samplings, Molstad et al., 2007). For the period
in question (0e40 h), there were totally 13 time increments (3 h)
with three replicate ﬂasks (thus totally 39 time increments). A
constant rate of N2 production of 40 nmol N2 per time increment
(equivalent to 14 nmol N2 h1) would have been detected.
In the ﬂasks with acetylene, the NO concentrations increased
sharply after 40e50 h reaching peak concentrations that were
higher than the concentration in ﬂasks without acetylene for all
three communities (SWE, GER and FIN). The oxygen consumption
in the treatment with acetylene appeared transiently inhibited in
response to this rise in NO concentration. The production of N2O
in the ﬂasks with acetylene started after 70e80 h in SWE and
FIN, and after w40 h in GER, and in all cases the N2O production
rate increased gradually throughout the rest of the incubation. In
the ﬂasks without acetylene, the N2O concentration peaked after
60 h in SWE, 65 h in FIN and 90 h in GER, and was then depleted
10e40 h later. Detectable N2 production (in non-acetylene treat-
ments) started around the time of the peak N2O concentration, and
increased gradually throughout the rest of the incubation. This N2
production started earlier and increased faster than the N2O
production in the treatments with acetylene.
The results for the incubation at pH 7.1 (Fig. 6) demonstrated
similar phenomena regarding NO kinetics; acetylene effectively
kept NO at a very low level until oxygen concentrations reached
a critical level, and the subsequent NO accumulation reached higher
levels in treatments with thanwithout acetylene. The results for the
N2O accumulation contrast the results for pH 5.4; the accumulation
rates during the ﬁrst 0e20 h were essentially equal with and
without acetylene. The N2O peaked at 0.05e0.1 mmol/ﬂask in the
treatments without acetylene (after 50e100 h, not visible as
plotted), and onset of detectable N2 production coincided with
this peak in N2O. A comparison of the N2 accumulation with the
N2O accumulation during ﬁnal 80e120 h shows almost perfect
match for the bacteria from the Swedish soil whereas for the two
other communities, N2 without acetylene increased faster than the
N2O with acetylene.
The relationship between measured concentrations of O2 and
NO was inspected by plotting [NO]aq (the concentrations of NO in
the liquid) against [O2]g (the concentration of O2 in headspace) for
all acetylene treatments. The result (Fig. 7; note that the oxygen is
plotted with the highest values to the left) shows that the sudden
rise in NO concentration happened once the oxygen concentration
reached below the threshold for acetylene-accelerated oxidation of
NO as identiﬁed in the experiments without bacteria (0.19 mL L1,
Fig. 3).
4. Discussion
The primary aim of investigating autoxidation of NO was to
check if the current knowledge of this process in liquid and gas
phase could be combined in a model to calculate the autoxidation
rates in a 2-phase system, which is typical for experimental
investigations of denitriﬁcation (batch incubations). The results
convincingly demonstrated that this is possible, which means that
themodel is a valuable tool to inspect the role of NO autoxidation in
denitriﬁcation experiments such as in the present study. Using Eq.
(6), we can calculate the % autoxidation of NO throughout the
incubations (i.e. for the treatment without acetylene), based on the
measured NO and O2 (Figs. 5 and 6). We ﬁnd that the autoxidation
was invariably insigniﬁcant in these experiments: the bacteria from
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Fig. 5. Gas kinetics in suspensions of extracted soil bacteria when incubated at pH ¼ 5.4 with and without acetylene. The three panels show the results for bacteria extracted from
the Swedish soil (SWE, panels a,d), the Finish soil (FIN, panels b,e) and the German soil (GER, panels c,f). For each soil the top ﬁgure (a,b,c) shows the cumulated production of N2
and N2O, the bottom ﬁgure (d,e,f) shows the concentrations of oxygen (mL O2 L1 in headspace) and nitric oxide in the liquid (NO, nM). In some of the panels, details are shown by
inserts with different scales (axes units and symbols are the same as in the main panels). 1 nM NO in the liquid ¼ 1.42 nmol NO/ﬂask (headspace þ liquid). Standard deviation
(n ¼ 3) is shown as vertical lines (not shown for O2).
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concentration prior to oxygen depletion, and we ﬁnd that the
maximum autoxidation rate in this case was reached after 30 h
(measured concentrations of NO and O2 in headspace at this timeSWE FIN
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Fig. 6. Gas kinetics in suspensions of extracted soil bacteria when incubated at pH ¼ 7.1 wit
the Swedish soil (SWE, panels a,d), the Finish soil (FIN, panels b,e) and the German soil (GE
and N2O, the bottom ﬁgure (d,e,f) shows the concentrations of oxygen (mL O2 L1 in headsp
inserts with different scales (axes units and symbols are the same as in the main panels).
(n ¼ 3) is shown as vertical lines (not shown for O2).point were 15 mL NO L1 and 480 mL O2 L1). The calculated
oxidation rate was only 0.0015% min1, or 0.1% h1. Similar low
rates were found for similar denitriﬁcation experiments, even for
organisms that accumulate very much NO such as A. tumefaciensGER
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h and without acetylene. The three panels show the results for bacteria extracted from
R, panels c,f). For each soil the top ﬁgure (a,b,c) shows the cumulated production of N2
ace) and nitric oxide in the liquid (NO, nM). In some of the panels, details are shown by
1 nM NO in the liquid ¼ 1.42 nmol NO/ﬂask (headspace þ liquid). Standard deviation
Fig. 7. Relationship between oxygen concentration and NO accumulation in the
bacterial suspensions incubated with acetylene. The NO concentrations (nM in the
liquid) are plotted against measured oxygen concentration (mL L1 in headspace, NB
highest values to the left). Separate curves for bacteria from the three soils (GER, SWE
and FIN) incubated at pH 7.1 and 5.4 (indicated in the panel). The plotted values are
average for three replicate ﬂasks for each treatment.
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soils which accumulate micro-molar concentrations of NO (calcu-
lated from the data presented by Raut et al., 2012). In conclusion,
autoxidation of NO can be ignored in such denitriﬁcation experi-
ments (i.e. with near-anoxic conditions). However, we have found
that autoxidation is highly signiﬁcant for assessing NO scavenging
in soil slurries and bacterial strains, and the model is an indis-
pensable tool to arrive at correct estimates of enzymatic NO scav-
enging under these conditions (manuscript in preparation).
Although autoxidation of NO may be insigniﬁcant within
a denitrifying environment, such as anoxic microsites within soil, it
may affect the chances of NO to escape from these microsites to the
atmosphere. A pulse of NOproducedwithin anoxicmicrosites in soil
will necessarily have to pass through oxic water before reaching
airﬁlled pores. The simulation of the fate of a pulse of NO into the
liquid (Figs. S2 and3) showed that a signiﬁcant fraction could indeed
be oxidized before reaching the gas phase. The fraction oxidized
within the oxic water phase will be proportional to the concentra-
tion (Eq. (6)) and the residence time within the oxic phase, and the
latter would increase with increasing soil moisture content. NO
emissions are generally found tobenegativelycorrelatedwithwater
ﬁlled pore space (WFPS) for WFPS > 20e30% (Ludwig et al., 2001).
Autoxidation of NO could possibly contribute to this phenomenon.
The aim of the experiments with acetylene was to determine
more precisely the kinetics of acetylene-accelerated oxidation of
NO in closed systems, commonly used for denitriﬁcation experi-
ments. The results lend support to the “ﬁrst order” model for the
oxidation of NO to NO2 in the gas phase, as proposed by McKenney
et al. (1997), i.e. that NO ﬁrst reacts with acetylene (hence ﬁrst
order) to form an intermediate (C2H2NO), which then reacts with
O2 and ﬁnally with a new NO-molecule (producing acetylene and
NO2). This reaction is obviously very fast, leading to an equilibrium
between NO and NO2 concentration in the headspace. We further
corroborated the ﬁnding of McKenney et al. (1997) that there exists
an O2 concentration threshold below which acetylene has no
catalytic effect, and we found that this threshold increases linearly
with NO concentrations over a wider range than determined by
McKenney et al. (1997). The results indicate that 0.19 mL O2 L1 is
the minimum concentration for very low concentrations of NO
(Fig. 3). This would mean that acetylene-accelerated NO oxidation
represents a “barrier” for the onset of NO accumulation only until
oxygen concentration reach below 0.19 mL O2 L1. The observations
of NO kinetics in the incubations of soil bacteria convincinglyconﬁrmed this; the NO concentration increased sharply as the
concentration of O2 reached below 0.19 mL L1 (Fig. 7).
The practical implication for the interpretation of the current
denitriﬁcation experiments is that we can explain the observed
effect of acetylene on the early accumulation of NO (while oxygen
concentrations are still above the threshold) by its catalytic effect
on NO oxidation. Further on, we can assume that acetylene has no
effect on the chemical stability of NO, once the oxygen concentra-
tion is below the observed threshold.
Although previous experiments with cells extracted from the
three soils showed widely different taxonomic composition of
denitrifying genes (Braker et al., 2012), we found similar effects of
acetylene-catalyzed NO scavenging for all three communities: 1)
lower rate of N2O accumulation as long as oxygen concentrations
were above the threshold for acetylene-acceleration of NO oxida-
tion, 2) a subsequent sharp peak in NO accumulation once the
oxygen concentration reached below the threshold and 3)
a substantial delay in the onset of denitriﬁcation (compare N2O
accumulation in treatments with acetylene versus N2 accumulation
in treatments without acetylene in Figs. 5 and 6).
The acetylene induced lowering of N2O production during the
ﬁrst 40 h appears to be a direct effect of acetylene-catalyzed
oxidation of NO (which would otherwise have been reduced to
N2O by denitriﬁcation), based on the following reasoning and
calculation: we can assume that observed stable NO concentrations
(0e40 h) in the presence of acetylene represents a steady state
concentration (d[NO]/dt ¼ 0), where the ﬁrst order oxidation rate
(Vox ¼ [NO] * (0.2 min1) equals the production rate P (mol min1)
of NO by denitriﬁcation:
d½NO=dt ¼ P  Vox ¼ P  0:2*½NO ¼ 0 (7)
Thus, P ¼ [NO]measured * 0.2 (mol min1).
For the SWE pH 5.4, the NO concentration was constantly
around 0.5 nM (¼0.7 nmol NO ﬂask1) during the ﬁrst 40 h, hence
the estimated NO production (P) consumed by the acetylene-
accelerated NO oxidation is 0.14 nmol min1 ¼ 8.4 nmol NO h1.
This rate of NO oxidation greatly exceeds themeasured rates of N2O
accumulation both in the treatments with and without acetylene
(0.2 nmol N2OeN h1 versus 0.88 nmol N2OeN h1 respectively).
This implies that the estimated rate of NO scavenging (by acety-
lene) is more than sufﬁcient to explain the acetylene-induced
reduction in N2O production. The fact that the estimated rate of
NO scavenging by acetylene greatly exceeds the reduction in N2O
production (8.4 nmol NO h1 versus 0.88e0.2 ¼ 0.66 nmol N2OeN
h1) appears problematic, but it must be kept in mind that the
observed N2O accumulation in the absence of acetylene is a net
result of N2O production and reduction of N2O to N2. N2 production
was not detectable (0e40 h), but a candid evaluation of the
detection limit for N2 production suggests that the rate could be as
high as 14 nmol h1 without being detected (see Results). In
conclusion, the result lends support to the suggestion by Bollmann
and Conrad (1997a) that a signiﬁcant fraction of the N-ﬂow through
denitriﬁcation could be channeled through the acetylene-catalyzed
oxidation of NO, hence reducing the N2O production, unless the
oxygen concentration is below the threshold.
Acetylene also had an effect on denitriﬁcation long into the
anoxic phase of the experiment, when acetylene no longer affected
the NO oxidation kinetics. This is seen as a much slower onset of
N2O production in the acetylene treatments compared to the N2
production in the absence of acetylene. The most plausible expla-
nation to this is that the acetylene-scavenging of NO during the ﬁrst
phase of the incubations interfered with the induction of denitri-
ﬁcation. NO has been found to be a strong inducer of one or several
of the functional genes in cultured denitrifying bacteria (Bergaust
S. Nadeem et al. / Soil Biology & Biochemistry 57 (2013) 606e614614et al., 2012). It has also been shown that the transcription of the
denitriﬁcation genes may be slow (and possibly stochastic) so that
only a small fraction of the cells are able to produce a denitriﬁcation
proteome before oxygen is completely depleted (Bergaust et al.,
2010). To our knowledge, the present study is the ﬁrst to eluci-
date the potential role of NO as an inducer of denitriﬁcation in soil
communities.
This role of NO for the expression of denitriﬁcation warrants
a greater interest in NO production and consumption in soil. NO
may turn out to be an essential signal molecule which effectively
helps a fraction of bacteria in soil to switch from aerobic to
anaerobic respiration.
Murray and Knowles (2003) concluded that the acetylene inhi-
bitionmethod canbe trusted for anoxic incubations. This is probably
valid if precautions are taken to secure very low oxygen concen-
trations (i.e. below 0.19mL O2 L1). Our experience is that this is not
trivial for soil incubations with acetylene; any transfer of gases by
syringe involves a risk for introducing O2. Thus, intentionally
“anoxic” incubations are not necessarily anoxic enough for the
acetylene inhibition method. Monitoring the concentration of O2
appears to be essential, but is rarely done.Wemay thus suspect that
potential denitriﬁcation rates have been seriously underestimated
in studies where the acetylene inhibition method has been used.
Appendix A. Supplementary material
Supplementary material related to this article can be found at
http://dx.doi.org/10.1016/j.soilbio.2012.10.007.
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